We present two novel schemes for refractometry based on a long-period fiber grating-(LPG-) based Michelson interferometer. These schemes are designed to overcome the measurement dependence of previously demonstrated LPG-based refractometry on the immersion depth. The first utilizes an unshielded LPG and the second, a shielded one. Both schemes were tested over a certain refractive-index range, and the measurement of glucose concentration in water was experimentally demonstrated. In addition, the temperature sensitivity of the two schemes is discussed.
Introduction
The development of devices for refractometry has become increasingly important for applications in industrial process and quality control, biomedical analysis, and environmental monitoring. Various types of optical fiber refractometer that employ long-period gratings [1] [2] [3] (LPGs), etched fiber Bragg gratings, 4 ,5 a tilted fiber Bragg grating, 6 a surface plasmon resonance sensing structure, 7 and a glass hemisphere sensing element 8 have been widely investigated for these applications. Among these, greater attention has been paid to sensors based on LPGs because of their high sensitivity and relatively simple fabrication and signal detection.
A pair of identical long-period gratings written in a photosensitive fiber exhibits a fringe pattern in each resonance spectral band. 9 The first LPG couples light from the core mode to a cladding mode. The coupled cladding mode propagates in the cladding and is recoupled to the core mode by the second LPG, while the uncoupled core mode continues to propagate through the core region. Light from these two optical paths interferes through the second LPG, functioning as an in-fiber Mach-Zehnder interferometer. Because this configuration has better resolution and higher sensitivity than the conventional single LPGbased sensors in which only core-to-cladding coupling wavelengths are measured, devices based on this scheme have been developed for use as optical sensors 10 and in-fiber components for optical communication systems. 11 An interferometer operating in reflection mode has been demonstrated by formation of a mirror at the end of a fiber containing a LPG for temperature 12 and refractive-index 13 (RI) sensing. This simple structure has the same spectral properties as a LPG pair but offers advantages such as compact size and the ability to use a single-ended probe in some applications. Because the temperature cross sensitivity of such a sensor is still a critical issue for refractometry, several approaches have been proposed to overcome the cross sensitivity. For example, a sensor that uses two types of optical fiber with opposing thermal properties was recently demonstrated. 14 It has also been suggested 15 that the envelope of the interference fringes could be used for temperature measurement if a LPG were shielded from the target medium, but to the best of our knowledge this has yet to be demonstrated. In addition, the refractometry schemes [13] [14] [15] result in a sensitivity that is dependent on the interaction length of the sensor, i.e., on its depth of immersion into the medium whose index is being measured. Devising a new scheme that overcomes this cross sensitivity is imperative for practical applications.
In this paper we report two novel schemes, which use total immersion and partial immersion of the sensor, that make the sensor easier to use in practical measurement. Using both schemes, we investigated the spectral response of the sensors to the surrounding RI for RI values below the cladding RI, and we experimentally demonstrated their practical feasibility by measuring the glucose concentration in water over a range of 0%-30%. The results show that the proposed sensing schemes have high sensitivity and stability. In addition, the cross sensitivity of the sensors to temperature was measured and is discussed.
Operating Principle and Fabrication Process
Diagrams of the proposed sensors and their experimental configuration are shown in Fig. 1 . Light propagating in the core is divided into two paths by a LPG with 50% coupling strength, forming the two arms of a Michelson interferometer. The light in each path is reflected by a mirror fabricated directly on the fiber end and then recombined into the core by the same LPG, giving rise to interference fringes in each resonance band. The wavelength at which the copropagating coupling occurs is given by 16
where i is the resonance wavelength that corresponds to the ith cladding mode ͑HE 1i ͒, n co and n cl,i denote the effective indices of the guided mode ͑HE 11 ͒ and the ith cladding mode, respectively, and ⌳ is the grating period. If any perturbation that changes the phase difference is applied to one arm of the interferometer, i.e., the optical path through the cladding, the interference pattern will be modulated. The phase difference in the two interferometer arms can be expressed as
where ⌬n cl,i is the change in the effective RI of the ith cladding mode caused by the immersion of the sensor into the testing medium, d is the distance between the grating center and the reflector, and l is the fiber immersion length (interaction length). Equation (2) implies the dependence of the RI-induced fringe shift on the cladding mode and the interaction length of the sensor. The fringe shift caused by a surrounding RI change thus increases with an increase in the interaction length, which means that the sensor requires a fixed immersion depth for RI measurement, making it difficult to use this sensor practically. To overcome this cross sensitivity, two schemes that use total or partial immersion of the sensor have been proposed and applied as follows.
To demonstrate the two sensors, we inscribed a LPG with an HE 18 cladding mode and a resonance wavelength of approximately 1.56 m in a photosensitive fiber (Thorlabs, GF1) using a point-by-point technique. The UV light launched by a cw frequencydoubled argon laser was focused onto the photosensitive fiber via a focal lens, and the fiber was then translated by use of a computer-controlled step motor. The attenuation intensity of the desired cladding mode was adjusted to have ϳ3 dB coupling strength. The LPG had a grating period of 310 m and a total grating length of ϳ17 mm. The end of the fiber containing the LPG was cleaved by a high-precision fiber cleaver, inserted into a tube with an inner diameter of 130 m to prevent coating on the sensing region, and then coated with silver by a silver mirror reaction (Tollen's test). For the total immersion scheme, shown in Fig. 1(a) , the tubing covered the entire sensing region of the sensor, forming a mirror on the end surface of the fiber; for the scheme that used partial immersion, shown in Fig 1(b) , the tubing covered only the grating-free region of the sensor, forming a silver film on the surface of the grating region and also at the end of the fiber. A silver nitrate solution ͑2 ml, 0.1 M͒ was placed in a tube. Ammonium hydroxide was added to the solution drop by drop, with stirring, until the brown precipitate just dissolved. A potassium hydroxide solution ͑1.4 ml, 0.8 M͒ was then added. If the brown precipitate re-formed, additional ammonium hydroxide was added until it dissolved. Then the Tollen's reagent was ready for use. The sensor was rinsed with a stannous chloride solution ͑0.2%͒ to sensitize the coating area and then rinsed with de-ionized water. A dextrose solution ͑0.4 ml, 0.25 M͒ was poured into the tube, and the fiber sensor with the tubing was then dipped into the Tollen's reagent. The silver film formed within ϳ1 min. Finally, the fiber was thoroughly cleaned with de-ionized water. It was observed that a uniform coating formed on the surface of the LPG and a highquality film formed on the end surface of the fiber. The total immersion scheme requires that l Ͼ d ϩ half the total grating length; partial immersion requires that l be greater than the distance from the metal coating to the fiber end.
The silver film's thickness was estimated to be more than 200 nm. Because the quality of the reflection surface is a critical factor in determining the contrast of the interference pattern, we examined each sensor before we coated it with silver to select those that had good fringe contrast. The distance between the grating and the mirror is 14 mm, and the total sensor length with the grating included is ϳ31 mm. Interference fringe patterns in the reflection spectrum were measured by a broadband light-emitting diode (LED) at 1.55 m and an optical spectrum analyzer with 0.1 nm resolution, which was connected to a computer for signal processing. All subsequent spectra shown in this paper were normalized with the measured LED spectrum, and the data from the optical spectrum analyzer were analyzed with a Matlab program to locate the fringe positions. A circulator was used to separate the input and output light of the sensor. All the sensors were annealed at 110°C for 24 h to stabilize their spectral response before the test, and a small shift ͑ϳ1 nm͒ of the fringe positions to shorter wavelengths was observed after the annealing.
Experimental Results

A. Sensing Scheme Using Total Immersion
For the measurement of an external RI, the entire sensor including the LPG was immersed in liquids with different refractive indices at room temperature. The difference between this scheme and those reported earlier [13] [14] [15] is in the immersion of the entire sensor, which allows us to use the scheme without additional effort to fix the sensor at a certain immersed depth for each measurement.
Figure 2(a) shows the interference fringes in the eighth cladding mode resonance band and the RIinduced fringe shift in the reflection spectrum. An increase in RI shifted both the resonance band and the fringes within the resonance band toward shorter wavelengths compared with that of air. Figure 2(b) presents the shift of the fringe position that is due to the external RI change. The fringe with the deepest attenuation was traced as the external RI was increased from 1.000 to 1.452. As the surrounding index increased, all the fringes shifted to shorter wavelengths, and the visibility deteriorated. When the ambient index was close to the cladding's refractive index ͑ϳ1.455͒, the interference pattern disappeared because discrete cladding modes no longer existed.
To explore the performance of this sensor for practical applications, we used the sensor to measure the concentration of glucose solutions whose refractive index is already known. Changes in glucose concentration from 0% to 30% (mass %) correspond to changes in RI from 1.333 to 1.381 at a wavelength of 589 nm. 17 The position of the deepest fringe was traced for concentration steps of 2%, which correspond to a RI change of approximately 3.2 ϫ 10
Ϫ3
. The experimental results are shown in Fig. 3 : A second-order polynomial curve fit was applied to the average values of the data points obtained from multiple measurements. The sensor was cleaned with de-ionized water and acetone after each measurement. The result shows that this sensor is sensitive to an external RI change of the order of 10 Ϫ4 in this RI range and can thus be used for measurement of concentrations of various chemicals.
B. Sensing Scheme Using Partial Immersion
For the second approach, the LPG portion of the sensor used for the first scheme was coated with silver to shield the electromagnetic field of the cladding mode in the metal-coated region, as shown in Fig. 1(b) . Because only a small portion of the evanescent field of a cladding mode penetrates deeply into a metal, 18 the metal film can protect the LPG region from the influence of the surrounding medium. It is thus expected that the resonance band envelope will be fixed and the interference fringes within the band will change with the external RI. To verify the protection of the LPG portion from the surrounding RI change, we immersed the entire sensor probe into liquids with various RIs. As expected, no spectral shift of the resonance band was observed. The presence of the metal film on the LPG caused spectral changes of the original resonance band, such as in coupling strength, center wavelength, and bandwidth. Figure 4 shows the reflection spectra before and after deposition of the metal coating onto the LPG region. The visibility of the sensor was degraded and a fringe shift of approximately 40 nm to longer wavelengths was observed after the metal coating. Figure 5(a) shows the reflection spectrum of the sensor and the fringe shift caused by the RI change. In this case the resonance band did not shift but the fringe positions shifted to shorter wavelengths. The position of the rightmost fringe in the figure was traced for measurement over a RI range of 1.000 to 1.436 because it provides a larger displacement than the remaining two fringes. The results are shown in Fig. 5(b) . RIs exceeding 1.404 resulted in a phase ambiguity problem. When the fringe shift exceeds one fringe period, the traced fringe cannot be identified. To overcome this limitation we calculated the average spacing of the fringe valley points, which is shown in the inset of Fig. 5(b) . The fringe spacing decreased as the external RI increased. The calculation was carried out over a RI range of 1.00 to 1.424, as the contrast was insufficient to allow the fringe positions to be traced above that value. The results show that we can use this information as a reference signal to identify the traced fringe. In comparison to the first approach, which uses the entire sensitive region, this scheme has less sensitivity and a narrower measurement range owing to the poor contrast. However, it permits the application of white-light interferometric signal demodulation 19 for automated absolute measurement because of the fixed resonance band's spectral profile. Further, white-light signal processing permits simple demodulation of multiple interferometers with different differential optical path lengths, 20 so an additional Fabry-Perot interferometric temperature sensor can be placed in close proximity to the LPG sensor for temperature compensation. These enhancements are beyond the scope of this paper.
The glucose concentration measurement was also conducted with this new structure. Figure 6 shows the shift of the fringe that is due to a change in the mass concentration of glucose. It shows a sensitivity that is similar to that of the first scheme and does not exhibit the phase ambiguity problem in this RI range. Figure 7 shows the thermally induced fringe shift of the sensor. The sensor was placed in an oven, and the reflection spectra were measured while the oven temperature was varied from 20.0°C to 80.0°C. The fringe with the deepest attenuation was traced, and a linear fit to the experimental data has a slope of approximately Ϫ0.098 nm͞°C for both schemes. The difference between the temperature sensitivities of the sensors for the two different schemes was barely distinguishable in this experiment. As the temperature of the environment or the medium that we desire to measure may not always be stable, the spectral drift of the sensor caused by temperature change should be minimized. The thermally induced fringe shift of the sensor can be approximated as
Discussion
where ⌬n eff,i is the differential effective RI of the core and the ith cladding mode and ␣ is the thermal expansion coefficient of fused silica ͑0.55 ϫ 10
Ϫ6
͞°C͒. The first term describes the dependence of the effective indices on temperature, and the second term describes the thermal expansion of the fiber. It follows that the temperature sensitivity of the sensor is dependent on the cladding mode order and also varies with different types of fiber. The temperature sensitivity of the sensor can thus be decreased by choice of a photosensitive fiber or by direct adjustment of fiber dopants for lower sensitivity. Another approach is to employ a (short-period) fiber Bragg grating or an intrinsic Fabry-Perot interferometer, which are insensitive to the external RI, for temperature sensing and then to compensate for the thermally induced drift of the output signal.
The experimental results show that the schemes that use partial or total immersion of the sensor can both be used for external RI measurement. The tip of the sensor probe was placed downward to prevent or minimize undesirable bending and vibrations from the environment, and the probe was immersed to a random depth exceeding the interferometric cavity length. Therefore the sensor is especially suitable for applications in which it must be immersed in the target medium. The sensitivity is dependent on the cladding mode order, similarly to the spectral behavior of a normal LPG. The sensitivity can be increased by choice of an appropriate (higher-) order cladding mode or etching of the cladding of the sensitive part of the sensor to reduce the diameter.
To show the stability and repeatability of the proposed sensors, we measured the glucose concentration with the sensors, showing that these sensors can be used for various chemical (gas) and biological analyses. As one of the interesting applications, species-specific chemical or biological sensors can be fabricated with these sensing schemes by deposition of a thin film that changes its RI in response to a target on the sensitive part of the sensors.
Conclusions
In this paper we have presented in-fiber interferometers that include a long-period grating operating in reflection mode for refractive-index sensing. To overcome the immersion-length dependence limitation of the reflection mode LPG sensor reported earlier, we have proposed and demonstrated two novel sensing schemes, including a new design for the sensor probe. The sensors for both the schemes exhibit RI sensitivity of the order of 10 Ϫ4 over the range of 1.333-1.38. This device offers the advantages of small size, ease of use, high sensitivity, and new functionality, offering potential for various applications in the future.
